ABSTRACT: Introduction: In mechanically ventilated patients, nonvolitional assessment of quadriceps weakness using femoral-nerve stimulation (twitch force) while the leg rests on a right-angle trapezoid or dangles from the bed edge is impractical. Accordingly, we developed a knee-support apparatus for use in ventilated patients. Methods: Ninety subjects (12 ventilated patients, 28 ambulatory patients, and 50 healthy subjects) were enrolled. Twitches with leg-dangling, trapezoid, and kneesupport setups were compared. Results: Knee-support twitches were similar to trapezoid twitches but smaller than leg-dangling twitches (P < 0.0001). Inter-and intraoperator agreement was high for knee-support twitches at 1 week and 1 month. In ventilated patients, knee-support twitches were smaller than in healthy subjects and ambulatory patients (P < 0.004). Discussion: The new knee-support apparatus allows accurate recording of quadriceps twitches. The ease of use in ventilated patients and excellent inter-and intraoperator agreement suggest that this technique is suitable for cross-sectional and longitudinal studies in critically ill patients. 57: 784-791, 2018 Mechanically ventilated patients commonly develop muscle wasting and physical disability that persists long after resolution of an acute illness.
During the acute illness, many such patients are unable to follow commands, making it important to employ nonvolitional methods when assessing muscle function. 5 The standard nonvolitional method to evaluate muscle function consists of measuring the force elicited by transcutaneous electrical or magnetic stimulation of a peripheral nerve. [6] [7] [8] [9] [10] For instance, the force of thumb adduction elicited by ulnarnerve stimulation has been used to quantify upper extremity weakness in critically ill patients. 6, 9 The force of knee extension elicited by femoral-nerve stimulation (quadriceps twitch force) has been used to quantify weakness and fatigue of the quadriceps muscle in different patient groups. 11, 12 Quantification of quadriceps function in critically ill patients is of particular interest because biopsies of this muscle can be obtained easily. [13] [14] [15] Two setups are used to measure quadriceps twitch force: dangling the leg at the edge of a modified gurney 16 or resting the leg on a right-angle trapezoid support (Fig. 1) . 17 In ambulatory patients, recordings of twitch force with the dangling and the trapezoid setups have high inter-and intraoperator agreement, [18] [19] [20] but both setups are highly problematic in critically ill patients. The dangling setup requires transfer to a specially designed gurney. The trapezoid setup has little flexibility in adapting to legs of different size and it elicits smaller twitches because gravity acts against twitch force.
11,17
To overcome these limitations, we developed a knee-support apparatus designed to be light and portable, which adapts to legs of different size and minimizes the effect of gravity on twitch force. Our objective was to determine whether this apparatus could be used to record quadriceps twitches in mechanically ventilated patients. setups, the force vector resulting from quadriceps contraction was perpendicular to the tibia and in series with the load cell.
Dangling Technique. Participants rested in the semirecumbent position (hip flexion at 30 8) on a custom-made gurney while keeping the arms folded and the legs dangling at the gurney edge (knee angle flexed at 90 8; Fig. 1 , upper panel). [21] [22] [23] Right-Angle Trapezoid Technique. Participants rested in the supine position (hip flexion at 45 8 ) and the leg being tested was placed on the right-angle trapezoid (knee flexed at 45 8; Fig. 1 , lower panel). 17 Knee-Support Apparatus. With participants resting in the supine position, the popliteal fossa of the tested leg was supported by the apparatus crossbar. The height of the crossbar was set to attain hip flexion of about 45 8. In turn, while avoiding undue pressure on the calcaneus, the apparatus footrest was adjusted to ensure knee flexion of 90 8 (Fig. 2) .
Femoral-Nerve Stimulation. Femoral-nerve stimulations were performed using a 70-mm "branding iron" figure-of-8 coil (Jali Medical, Woburn, Massachusetts) [23] [24] [25] [26] [27] powered by 2 magnetic stimulators (Magstim; Jali Medical). 28 The coil was placed initially over the femoral triangle just lateral to the femoral artery and repositioned systematically to determine the best location for subsequent stimulations. 16 The position that resulted in the largest twitch force was marked and used for the remainder of the study. This procedure was repeated with each setup. To optimize femoral-nerve depolarization, the investigator pressed the stimulating coil against the femoral triangle using 2 vectors of force (refer to Fig. S1 in Supplementary Material online). One vector was directed perpendicular to the shaft of the femur. The second vector was directed toward the inguinal ligament.
Once the best location for stimulation was located, participants rested for at least 20 minutes. 16, 29 Then, to determine whether femoral-nerve stimulation was supramaximal, a stimulus output-force curve was obtained with the various setups. These stimulus output-force curves were obtained delivering single stimuli ranging from 70% to 100% of power output (2.2 Tesla) 30 (see Fig. S2 in Supplementary Material online). Thereafter, stimulations were delivered at 100% of stimulator output. 23, 29 To preclude knee-joint movements, all stimulations were started at a minimum preload of 0.3 kg (right trapezoid and knee support) or 0.8 kg FIGURE 1. Usual setups used to measure quadriceps twitch force elicited by magnetic stimulation of the femoral nerve. Upper panel: the leg dangles at the edge of a specially designed gurney. Lower panel: the leg rests on a right-angle trapezoid support. With both setups, a "branding iron" figure-of-8 coil is placed over the femoral triangle. When activated, the coil generates a broad magnetic field that causes depolarization of the femoral nerve, eliciting quadriceps muscle contractions. The resulting force is transmitted to a strain amplifier/signal conditioner (green box) connected to an ankle strap (blue) using an inextensible cable. FIGURE 2. Portable knee-support apparatus used in a supine patient/subject. Upper panel: the popliteal fossa of the tested leg is supported by a crossbar. The height of the crossbar is adjusted to achieve hip flexion of about 45 8 and the footrest is concurrently adjusted to ensure knee flexion of 90 8. An ankle strap (blue) is connected to a strain amplifier/signal conditioner (green box) using an inextensible cable. The cable is maintained perpendicular to the leg by a movable pulley; this arrangement is achieved by controlling the distance between the pulley and the strain amplifier/signal conditioner. Lower panel: knee-support apparatus used in a representative mechanically ventilated patient. The apparatus allows recording of quadriceps twitches in supine subjects of different body sizes without having to transfer the subjects to specialized beds.
(dangling). Before data collection, the preload was adjusted to achieve greatest twitch force, which was obtained by controlling the length of the inextensible cable joining the ankle strap and the strain amplifier/signal conditioner.
In all experiments, twitch force was assessed by measuring the force of knee extension elicited using single and paired stimulations (2 stimuli delivered 10 ms apart, i.e., 100 HZ). The rationale for using paired stimulations in addition to more conventional single stimulation was based on the fact that paired stimulation elicits greater twitch force than single stimulation. 11 Moreover, critically ill patients, the population for which the knee holder was developed, commonly exhibit profound muscle weakness. [1] [2] [3] [4] Experiments. Six experiments were carried out ( Table 1; also, see Methods section in Supplementary Material online).
In experiment 1, we tested the agreement between twitch forces obtained while using the knee-holder and the rightangle trapezoid setups. In experiment 2, we tested the agreement between twitch forces obtained while using the kneeholder and the dangling setups. In experiment 3, we tested the intraoperator agreement between twitch force when using the knee-holder setup during a given experimental session (experiment 3a), and 1 week (experiment 3b) and 1 month (experiment 3c) later. In experiment 4, we tested the interoperator agreement between twitch forces recorded by 2 operators (F.L. and N.K.) when using the knee-holder setup during a given experimental session. In experiment 5, we tested the impact of contraction history on twitch force. Specifically, we determined whether it was possible to induce postactivation potentiation (a transient increase in twitch force after a forceful voluntary contraction) 31 and whether it was possible induce potentiation by paired stimulations (a transient increase in twitch force after a muscle has been externally stimulated twice in quick succession-i.e., interstimulus interval of less than 125 ms for muscles with fast-twitch fibers and less than 250 ms for muscles with slow-twitch fibers). 32 In experiment 6, we tested the feasibility of using the knee-holder device to record twitch force elicited by femoral-nerve stimulations in mechanically ventilated patients.
Data Analysis and Statistics. The force signal was digitized at 2,000 HZ (experiments 1-5) and 200 HZ (experiment 6) with an AD converter (Model DI-158U; DATAQ Instruments, Akron, Ohio) connected to a computer (Dell, Inc., Round Rock, Texas). Digitized data were processed using WINDAQ software (DATAQ Instruments). Quadriceps twitch force was measured as the difference between maximal force displacement elicited by femoral-nerve stimulation and baseline of the force signal immediately preceding stimulation. The average of 3 strongest twitch force values during a given experimental session was used for statistical analysis. 17 The Shapiro-Wilk test was used to assess the distribution of data, with all data having a normal distribution.
The agreement of twitch force between the knee-holder and right-angle trapezoid setups and between the kneeholder and dangling setups was estimated using the intraclass correlation coefficient. 33 The same computational strategies were used to estimate intra-and interoperator agreement of twitch force. The Student t-test was used to compare the measures obtained with different setups and different operators. Statistical tests were two-tailed. A Bonferroni-adjusted P-value of 0.004 (i.e., 0.05/14) was used to determine significance. All data are reported as mean 6 standard error of the mean.
RESULTS
Fifty healthy men, 28 ambulatory men with chronic obstructive pulmonary disease (COPD), and 12 critically ill mechanically ventilated patients volunteered for the study (Tables 2 and 3 ). Setups. Stimulations delivered to the right and the left femoral nerve were supramaximal in all 7 healthy subjects and all 7 patients with COPD. In 1 healthy subject, stimulations while the left leg rested on the right-angle trapezoid were not supramaximal (data not shown).
Mean twitch forces elicited by single and paired stimulations while the leg rested on the knee holder were 10.1 6 0.8 and 22.1 6 1.1 kg in healthy subjects and 6.2 6 0.6 and 18.0 6 1.1 kg in patients with COPD. Corresponding values recorded with the right-angle trapezoid were 10.5 6 0.9 and 23.9 6 1.0 kg in healthy subjects and 4.2 6 0.4 kg and 17.3 6 0.8 kg in COPD patients.
Twitch force elicited by single and paired stimulations recorded with the 2 setups in the 2 groups of participants were not significantly different. Intraclass correlation coefficients of single and paired twitch forces with the 2 setups were higher than 0.77 (Table 4) . The mean twitch force elicited by single and paired stimulations with the knee holder were 8.9 6 0.5 and 20.5 6 0.7 kg in the healthy subjects and 5.4 6 0.5 and 14.2 6 1.0 kg in the COPD patients. The corresponding values recorded with the leg dangling were 9.7 6 0.5 and 22.7 6 0.8 kg in the healthy subjects and 7.5 6 0.4 and 17.6 6 1.0 kg in the COPD patients.
The force of single and paired twitches with the knee-holder setup was less than that with the dangling setup in both healthy subjects and COPD patients (P < 0.0001 in all instances). The intraclass correlation coefficients of single and paired twitch force with the 2 setups were greater than 0.80. The corresponding 95% confidence interval (CI) intraclass correlation coefficients were wide (Table 4) . when Using Knee-Holder Device. During a given session and at 1 week and 1 month, the intraoperator intraclass correlation coefficients for single and paired twitch force were greater than or equal to 0.96. The corresponding 95% CI intraclass correlation coefficients were narrow (Table 5 ).
Experiment 4: Interoperator Agreement of Twitch
Force when Using Knee-Holder Device. The interoperator intraclass correlation coefficients for single and paired twitch force using the knee holder device were greater than 0.99. The corresponding 95% CI intraclass correlation coefficients were narrow (Table 5 ).
Experiment 5: Impact of Contraction History on Twitch
Force-Potentiation. In 11 healthy subjects and 4 patients with COPD, twitch force elicited by single stimulations increased from 7.4 6 0.8 kg at baseline to 8.3 6 0.9 kg immediately after a set of 5-7 paired stimulations (potentiation due to paired stimulation; P < 0.0001). In 6 healthy subjects and 2 COPD patients, twitch force elicited by single stimulations increased from 8.9 6 0.8 kg at baseline to 15.6 6 1.0 kg immediately after a knee extension effort of 25-30 kg (postactivation potentiation; P 5 0.0001). (Table 3) . As expected, twitch force elicited by paired stimulations (10.2 6 3.1 kg) was greater than twitch force elicited by single stimulations (2.8 6 0.7 kg; P < 0.0001). Twitch forces elicited by single stimulations in ventilated patients were lower than the corresponding values recorded in healthy subjects and COPD patients (P < 0.004). Twitch forces elicited by paired stimulations in ventilated patients were lower than corresponding values recorded in Values for single and paired twitch force are presented as mean 6 standard error. M, male; F, female; GI, gastrointestinal; NSTEMI, non-ST-elevation myocardial infarction; COPD, chronic obstructive pulmonary disease; HIV, infection caused by human immunodeficiency virus.
*Non-supramaximal stimulation of the femoral nerve when using 100% of the stimulator's output. †
Femoral nerve stimulations performed 4 days after discontinuation of mechanical ventilation.
healthy subjects (P < 0.004) and tended to be lower than in patients with COPD (P 5 0.008).
DISCUSSION
This study has 3 major findings. Recordings of quadriceps twitch force while the leg rested on a knee-support apparatus compared favorably with twitch force recorded with conventional dangling and trapezoid setups. There was a high level of inter-and intraoperator agreement over time of twitch force measurements using the knee support. The knee-support apparatus was successfully used in mechanically ventilated patients.
Inter-Setup Comparisons. Several factors modulate the force of knee extension during an isometric contraction. These include leg inertia, gravitational force, hip and knee flexion, and extent of femoral-nerve recruitment (Fig. 3) . [34] [35] [36] [37] At the time of stimulation, leg inertia, knee flexion, and femoral-nerve recruitment were the same with the knee-support and dangling setups. Accordingly, none of these factors could have caused the lower twitch forces with the kneesupport apparatus than with the dangling setup.
Hip flexion was greater with the knee-support than with the dangling setup: 45 8 vs. 30 8. Accordingly, we would expect quadriceps-force output to be greater with the knee-support apparatus than with the dangling setup. 36, 38 Our expectation is based on the greater force of knee extension when sitting (hip flexion of 50 8-180 8) 36 than when supine (hip flexion of 0 8). 38 The lower twitch forces with the knee support suggests that a factor other than hip flexion was at play. This factor could have been the different relationship between the vector of gravitational force on the leg and the vector generated by quadriceps contraction with the 2 setups. While dangling, the 2 vectors were perpendicular to each other, and thus had no effect on one other. In contrast, with the kneesupport apparatus, a fraction of the force of gravity imposed a force that was in the opposite direction to the force resulting from quadriceps contraction (Fig. 3) , and thus curtailed the force vector resulting from quadriceps contraction.
Force elicited by single and paired twitches in healthy subjects and in patients with COPD was equivalent with the knee-support and trapezoid setups. The similar angle of hip flexion and leg inertia and the supramaximal femoral-nerve recruitment in most participants likely contributed to this result. Another factor contributing to this result is the angle of knee flexion: 90 8 with knee support and 45 8 with the trapezoid. Maximum torque of knee extension occurs when the knee is flexed between 50 8 and 70 8. 34, 37, 39, 40 As the angle of knee flexion departs from 50 8 and 70 8, the torque of knee extension decreases and, relevant to our investigation, the torque of knee extension when the angle is about 90 8 happens to be equivalent to the torque when the angle is about 45 8 (see Figs. 1 and 2 in the study by Knapik et al.) 35 . The effect of gravity was less with knee support-a condition that should have increased twitch force. That twitch force was equivalent with the 2 setups indicates that gravity had little effect on force output in these circumstances.
Intra-and Interoperator Comparisons. The investigators performing femoral-nerve stimulations in this study always made sure to press the stimulating coil against the femoral triangle using 2 vectors of force. One vector was directed perpendicular to the shaft of the femur. The second vector was directed toward the inguinal ligament. We developed this strategy during the course of preliminary investigations to optimize femoral-nerve depolarization. That femoral-nerve depolarization was optimized is underscored by the high intraclass correlation coefficients for single and paired twitches during a given experimental session. Comparison of twitch forces at 1 week and 1 month revealed high repeatability of measurements over time-equivalent to the results obtained with the dangling setup. 19, 20 In obtaining these results, we took great care to avoid twitch potentiation. 31 Care in avoiding potentiation and in optimizing femoral-nerve depolarization was also responsible for the excellent interoperator agreement of twitch forces using the knee support. Given the excellent intra-and interoperator agreements, we propose that quadriceps twitches may be used to accurately follow force of knee extension in patients (see Future Directions subsection).
Use of Knee Support in Mechanically Ventilated
Patients. Recording quadriceps twitch force while the leg rested on the knee-support apparatus in ventilated patients was well tolerated. The procedure caused minimal disruption to position or treatment for 2 main reasons. Magnetic stimulation produces a wide field of stimulation. 41, 42 Hence, the area in which to position the stimulating probe to achieve maximal nerve depolarization is relatively large. 6, 41, 42 In addition, the knee-support apparatus allows recording of quadriceps twitches in supine individuals of different body sizes without having to transfer them to specialized beds.
Although the purpose of studying ventilated patients was to test the feasibility of recording quadriceps twitches in these patients, our data support the view that severe muscle weakness is common in the intensive care unit (ICU). [1] [2] [3] [4] Because of this severe weakness, force signals elicited by paired stimulations had a more favorable signal-tonoise ratio than single stimulations. Accordingly, paired stimulations should be considered as the technique of choice to assess the force of knee extension independent of patient cooperation in the ICU. Moreover, twitch potentiation after voluntary contractions is considerably lower for paired than for single twitches. 43 Accordingly, limited postcontraction potentiation makes the interpretation of changes in twitch force over time easier when using paired stimulations than single stimulations. Paired stimulations with different interstimulus intervals could be used to construct a surrogate force-frequency curve 28, 44 to discriminate between low-and high-frequency fatigue. 44 Future Directions. Diagnosis of muscle dysfunction in critically ill patients is difficult. 45 Clinical evaluation underestimates the true incidence of neuromuscular impairment. 45 Recordings of maximal voluntary isometric contractions or Medical Research Council scale are not applicable when consciousness is impaired. 5 In addition, they lack of sensitivity to detect change over time in muscle strength when applied to stronger muscle groups. 46 Electrophysiological tests have poor discriminatory value in identifying patients with clinically significant muscle dysfunction. 9, 45, 47 The aforementioned limitations can be overcome by recording the force of contraction elicited by stimulation of peripheral nerves. 6, 8, 9 Early identification of weakness in the ICU should facilitate the design and implementation of interventions intended to preserve or restore muscle function. Such measurements, combined with muscle biopsies, [13] [14] [15] may yield new insight into the mechanism(s) of neuromuscular abnormalities in critically ill patients.
In conclusion, the new knee-support apparatus allows recording of quadriceps twitches in supine individuals. The ease with which the apparatus can be used in the ICU, and the excellent interand intraoperator agreement of twitch force suggest that the technique is suitable for crosssectional and longitudinal studies in critically ill patients. Fig. 2 ). The force output of the contracting quadriceps muscle depends on the angles of knee flexion and hip flexion. Major resisting forces to the contracting quadriceps are the inertia of the calf and foot and the gravitational force exerted on them. Left lower panel: with the trapezoid setup, the angle of hip flexion is nearly the same as with the knee-support apparatus, whereas the angle of knee flexion is different (also, see Fig. 2 ). The force of knee extension with these different angles should have been equivalent (see text). Gravitational force opposing the contraction is maximal. Inertia remains unchanged. Right panel: with the dangling setup, the angle of knee flexion is the same as with the knee support apparatus, whereas the angle of hip flexion differs only slightly. Accordingly, the force output of the quadriceps is equivalent to the force output of the muscle when using the knee-support apparatus. Gravitational force opposing the contraction of the quadriceps is zero. Inertia remains unchanged (see text for details).
